A membrane microdomain called raft has been under extensive study since the assembly of various signaltransducing molecules into this region has been envisaged. This domain is isolated as a low buoyant membrane fraction after the extraction with a nonionic detergent such as Triton X-100. The characteristic low density of this fraction is ascribed to the enrichment of several lipids including cholesterol. To clear the molecular mechanism of raft formation, several extraction methods were applied to solubilize raft components. Cholesterol extraction using methyl-␤-cyclodextrin was found to be effective to solubilize NAP-22, a neuronenriched Ca 2؉ -dependent calmodulin-binding protein as well as one of the main protein components of brain raft. Purified NAP-22 bound to the liposomes that were made from phosphatidylcholine and cholesterol. This binding was dependent on the amount of cholesterol in liposomes. Calmodulin inhibited this binding in a dosedependent manner. These results suggest that the presence of a calcium-dependent regulatory mechanism works on the assembly of raft within the neuron.
The largest pool and concentration of cholesterol in the body exists in the brain. Being a constituent of cell membrane, including myelin, cholesterol is important for the function of this organ, and an inborn defect in cholesterol metabolism is associated with serious neurological and mental dysfunctions (1) . Alterations in cholesterol metabolism occur with age and have been implicated in the pathogenesis of Alzheimer's disease (2-7). Brain cholesterol is efficiently protected from exchange with circulating lipoproteins by the blood-brain barrier. In accordance with this, most recent studies have favored the view that the majority of brain cholesterol is synthesized locally, although at a low rate (8, 9) . The half-life of cholesterol in the brain has been estimated to be 4 -6 months in rats using in vivo and in vitro techniques (10, 11) .
Lateral heterogeneities in the classical fluid-mosaic model of cell membranes are now envisaged as caveolae-like microdomains or "rafts" (also referred to as "Triton-insoluble low density fraction," "detergent-insoluble, glycolipid-enriched complexes," or "detergent-resistant membrane domains," and so on), that are enriched in cholesterol, glycosphingolipids, specific membrane proteins, and glycosylphosphatidylinositol (GPI) 1 -anchored proteins (12) (13) (14) (15) (16) . Since many signal transducing molecules (e.g. trimeric G proteins, protein-tyrosine kinases, cytoskeletal proteins, calmodulin-binding proteins) are proven to be enriched in the nonionic detergent-insoluble fraction of low density and whose fraction is considered to correspond to the caveolae or to the raft region, this region is recognized to be important not only for the transport of membrane components but also for the compartmentation of these signaltransducing molecules (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Elucidating the molecular interaction in this region, hence, will facilitate understanding the molecular mechanisms of signal transduction in cells and the intracellular sorting mechanisms of this region. In case of the brain, the expression of caveolin, a caveolae marker protein, is relatively low. The brain-derived Triton-insoluble fraction of low density is therefore considered to correspond to the raft region (17, 19, 23) . Since the brain is a very complicated system organized for the effective signal transduction as well as a rich source of cholesterol, characterization of this raft region in neuronal cells will be efficient in elucidating the molecular mechanisms of signal transduction as well as the role of cholesterol in this process. In addition, it is suggested that rafts participate in the formation of cell polarity in neuronal cells (12) . Furthermore, recent studies have revealed that changes in the membrane cholesterol contents have effects not only on the processing of the amyloid precursor protein and amyloid ␤-peptide but also on the Ca 2ϩ signaling (24 -28) . Elucidating the assembly mechanism of the rafts is, therefore, of primary importance.
In previous studies, we have shown the characterization of NAP-22, a novel calmodulin-binding membrane protein expressed predominantly in the brain (29 -31) . NAP-22 (also known as CAP-23 and BAPS1) has physicochemical characteristics that are very similar to those of GAP-43 (neuromodulin, F1, B50, p57, and p46) and myristoylated alanine rich C-kinase substrate (MARCKS, p80, and p87) in heat stability, solubilization in 2.5% perchloric acid solution, low hydrophobicity, and anomalous behavior on SDS-PAGE. Namely, the apparent molecular mass of NAP-22 obtained by SDS-PAGE changes depending on the concentration of acrylamide used (58 kDa in 7.5% gel and 45 kDa in 12.5% gel), and this value is much larger than the molecular mass calculated from its amino acid sequence (22 kDa). The myristoylation of NAP-22 was independently confirmed by using a vaculovirus expression system and by the analysis using electrospray mass spectrometry. Also, the membrane localization of NAP-22 was partly ascribed to the myristoylation in its N terminus (30, 32, 33) . Further * This study was supported by Grants-in-Aid for Scientific Research on Priority Areas 07279222 and for Scientific Research (B) 11490022 from the Ministry of Education, Science, Sports, and Culture of Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. biochemical studies showed its strong Ca 2ϩ -dependent association with calmodulin (31) . Tissue fractionation studies showed that NAP-22 accumulates in a Triton-insoluble fraction during brain development and is recovered, after applying a sucrose density centrifugation, in a low density region, called "raft" (18) . SDS-PAGE analysis of this fraction showed that NAP-22 is one of the major proteins of brain raft, and further studies showed the localization of other proteins such as GAP-43 (neuromodulin), several GPI-anchored proteins, Src family tyrosine kinases, and trimeric G proteins (18) . Since the enrichment of the latter three protein groups in rafts prepared from various cells is well recognized, neuronal raft is characterized with the enrichment of two calmodulin-binding proteins, NAP-22 and GAP-43 (12) (13) (14) (15) (16) (17) (18) (19) .
To elucidate the assembly mechanism of the raft region, we first tried the biochemical fractionation of the raft. Extraction of whole lipids with chloroform and methanol resulted in the solubilization of GAP-43 and NAP-22, suggesting the localization of these proteins through lipid anchors. Butanol extraction was also effective in eluting out these proteins. Since the detergent insolubility of this fraction is attributed to the enrichment of cholesterol and sphingomyelin (12) (13) (14) (15) (16) (17) , extraction of cholesterol with methyl-␤-cyclodextrin was attempted. This treatment resulted in the selective solubilization of NAP-22.
Further in vitro studies showed that NAP-22 binds liposomes in a cholesterol-dependent manner and that this binding is inhibited by calmodulin.
EXPERIMENTAL PROCEDURES
Preparation of Brain Raft-All steps were carried out at 4°C. Whole brain was isolated from 2-week-old rats and cooled in ice-cold phosphate-buffered saline and frozen at Ϫ80°C until use. For the preparation of raft, frozen whole brain was thawed, minced with scissors, and homogenized in TME solution (10 mM Tris-HCl, 1 mM MgCl 2 , 1 mM EGTA, pH 7.5) containing 1 mM phenylmethylsulfonyl fluoride, 1% aprotinin, and 2% Triton X-100. An aliquot of 2.4 M sucrose solution was added to this homogenate, and the final sucrose concentration was adjusted to 0.8 M. The sample was then placed on the bottom of the centrifuge tube and overlaid with 0.7 M sucrose in TME solution and with TME solution successively. After centrifugation at 70,000 ϫ g for 6 h (Hitachi SW27-2), a clear white band concentrated on the interface of TME solution and 0.7 M sucrose solution was collected and diluted with TME solution containing 1% Triton X-100. After centrifugation at 100,000 ϫ g for 60 min, the pellet fraction was suspended in TME solution and was frozen as brain raft fraction.
Butanol Extraction and NAP-22 Preparation from Brain Raft Fraction-Brain raft fraction (obtained from 60-g brain) was mixed with 1 volume of butanol, shaken vigorously, and incubated for 20 min at 25°C. After centrifugation for 20 min at 20,000 ϫ g and 25°C to separate the butanol phase (upper) and the water phase (lower), the water phase was recovered and dialyzed against TE solution (10 mM Tris-HCl, 0.2 mM EGTA, pH 7.5). After mixing with Triton X-100 (final concentration 1%), the sample was applied to a DEAE-Sepharose column (1.6 ϫ 10 cm), that was equilibrated with TE solution. The column was washed with TE solution containing 0.1% Triton X-100, and bound proteins were eluted with a linear gradient of NaCl (0 -500 mM) in TE solution. After SDS-PAGE, fractions containing NAP-22 was recovered and fractionated further under 40% saturation of ammonium sulfate. Precipitated proteins were removed with centrifugation at 20,000 ϫ g for 30 min. The resulting supernatant was applied to a phenyl-Sepharose column (1.4 ϫ 6.5 cm). Proteins were eluted with 2 M NaCl solution in TME, followed with 1.5 M NaCl solution in TME. Fractions containing NAP-22 were collected and dialyzed against 10 mM Tris-HCl, pH 7.5. The sample was then applied to a hydroxyapatite column (1.4 ϫ 6.5 cm), and proteins were eluted with a linear gradient of potassium phosphate buffer (20 -350 mM, pH 7.0). Eluted NAP-22 was dialyzed against TE solution and stored at Ϫ80°C until use.
Lipid Isolation and Analysis-For lipid analysis, brain raft fraction was further purified by NaCl wash and recentrifugation. Namely, the raft fraction was suspended in TME solution containing 1 M NaCl and centrifuged at 100,000 ϫ g for 60 min. The pellet was suspended in TME solution containing 1% Triton X-100 and 0.8 M sucrose, and the discontinuous sucrose gradient centrifugation was repeated. The membrane fraction that floated through the 0.7 M sucrose solution was collected, diluted, and centrifuged. After washing twice with TME solution to remove remaining Triton X-100, the sample was used for the lipid analysis. The isolation procedures for total lipids and for neutral and acidic lipids were described previously (13, 34) . Briefly, total lipids were extracted with chloroform/methanol ( (36) . Each band was purified by a preparative TLC and was analyzed by GLC (Shimadzu GC-14A, Japan) as described previously (37) . (38 -40) . After dilution with a solution containing 20 mM Tris-HCl, 5 mM EDTA, pH 7.5, brain raft was collected through centrifugation and suspended in a solution of 20 mM Tris-HCl, 5 mM MgCl 2 , pH 7.5, which contained various amounts of MCD. After incubation at 37°C or on ice, fractions were centrifuged at 100,000 ϫ g for 30 min. The supernatants and pellets were separated and processed for SDS-PAGE and a cholesterol assay. In this study, cholesterol was assayed spectrophotometrically using a diagnostic kit (Cholesterol C-Test Wako catalog no. 274-46401) (40) .
Cholesterol Extraction with Methyl-␤-cyclodextrin (MCD)-MCD was employed to remove cholesterol from membrane fractions
Liposome Binding-Based on the lipid contents in the brain raft fraction described below, phosphatidylcholine (PC)-based liposomes were used. Lipids solubilized in chloroform/methanol were dried under a stream of nitrogen gas. Liposomes were obtained through sonication in ME solution (10 mM Tris-HCl, 150 mM NaCl, 2 mM MgCl 2, , 0.2 mM EGTA, 1 mM dithiothreitol, pH 7.5) in the presence of various amounts of the proteins. In some cases, sonication was done in MC solution (ME solution containing 0.4 mM CaCl 2 ). After incubation at 37°C, the samples were centrifuged at 100,000 ϫ g for 20 min. The supernatants and pellets were separated and analyzed with SDS-PAGE. In some experiments, the pellet fraction was suspended in ME solution, loaded on a discontinuous Ficoll gradient (2, 6, and 10% Ficoll in ME solution, top to bottom), and recentrifuged at 170,000 ϫ g for 5 h at 35°C. After centrifugation, concentrated materials at the interfaces were collected for analysis with SDS-PAGE and Western blotting.
Others-DEAE-and phenyl-Sepharose were obtained from Amersham Pharmacia Biotech. Hydroxyapatite (ceramic hydroxyapatite type I) was purchased from Bio-Rad. For liposome construction, dioleoylphosphatidylcholine, phosphatidylserine (bovine brain), and phosphatidylinositol (porcine liver) obtained from Sigma; phosphatidylethanolamine (PE, chicken egg) obtained from Doosan Serdary Research Laboratory; and sphingolipid (egg) obtained from Avanti Polar Lipids Inc. were used. For lipid analysis, triacylglycerol, cholesterol (egg), cholesterol assay kit (Cholesterol Test C, Wako), glucoceramide, and galactosylceramide were purchased from Wako (Japan). Gangliosides were gifts from Dr. Masao Iwamori (Kinki University, Japan). Silica gel HPTLC plates were purchased from Baker. Protein determination, calmodulin preparation, and SDS-PAGE were performed as described previously (29) . Densitometric scan of the Coomassie Brilliant Blue-stained gels was done to measure the amount of NAP-22 using a scanner and the NIH Image program. Known amounts of NAP-22 were elelctrophoresed in the same gel for the standard to quantify the protein.
RESULTS

Purification of NAP-22 Using Butanol Extraction and the Lipid Content of Brain
Raft-Since many of the lipid-anchored proteins are known to be hydrophilic proteins, removal of lipids from raft is anticipated to solubilize these proteins if these proteins are anchored in raft simply through the lipid insertion into the lipid bilayer. Extraction of lipids with various alcohols, such as methanol, ethanol, butanol, and pentanol, was tried, and butanol extraction was found to be effective to solubilize several proteins including NAP-22. Butanol extraction separates the components of raft into three parts: the butanol phase, the water phase, and the precipitate. Protein components in these fractions analyzed with SDS-PAGE are shown in Fig. 1 . Over 90% of the proteins were recovered in the precipitate fraction. NAP-22, GAP-43, and Thy-1 were identified as major proteins recovered in the water phase from their mobilities in SDS-PAGE and reactivities with specific antibodies. Since over 80% of NAP-22 in the raft was solubilized with butanol, this extraction method was used to purify the protein. NAP-22 was separated from other proteins through several column procedures and used in this experiment. Its purity is shown in Fig. 1 (lane 4) and also confirmed with Western blotting using a monoclonal antibody (data not shown). Table I shows the lipid composition of raft and the partition of lipids after butanol treatment. The lipid content of brain raft is characterized by the enrichment of PC and cholesterol. A lesser amount of SM existed in this fraction compared with other cell-derived rafts (13, 41) . After butanol extraction, about 90% of lipids were recovered in the butanol phase. Some amount of gangliosides and a small amount of other lipids were recovered in the water phase, and no lipid was detected in the precipitate fraction. Solubilization of NAP-22 and other proteins in the water phase suggested that these proteins localize to raft through lipid binding rather than through protein binding.
Solubilization of NAP-22 with MCD Extraction-As described in a previous report, NAP-22 is one of the main components in the brain raft (18) . Since low buoyant density of rafts from several cells and tissues is ascribed to the enrichment of SM and cholesterol, cholesterol extraction from raft was attempted using ␤-cyclodextrin. ␤-Cyclodextrin and its methylated form (MCD) are recognized to be effective at removing cholesterol from cells and isolated membranes (38 -40) . The addition of MCD to the raft fraction resulted in a dose-dependent, specific solubilization of a protein ( Fig. 2A) . The mobility of this protein coincided with that of NAP-22 under different acrylamide concentrations and exhibited the same retardation behavior in gels of decreasing acrylamide concentration. Also, a monoclonal antibody against NAP-22 reacted with this protein (Fig. 2B ). For these reasons, this protein was identified as NAP-22. Interestingly, the extent of NAP-22 solubilization was correlated fairly well with the extraction of cholesterol (Fig.  2C) . Consequently, it is calculated that extraction of about 460 cholesterol molecules resulted in the solubilization of one NAP-22 molecule. Analysis of the lipid contents of the MCDsolubilized fraction showed that except for some solubilization of PE, little or no solubilization of other lipids by MCD occurred, consistent with the results reported by others (data not shown; Refs. 38 -40) . This result strongly suggests that NAP-22 localizes in raft through the interaction with cholesterol.
Liposome Binding of NAP-22-To confirm the molecular interaction between NAP-22 and cholesterol, liposome binding of NAP-22 was studied with the centrifugation assay. Based on the result of the lipid analysis of brain raft, PC-based liposomes were constructed in the presence of NAP-22 and were pelleted by centrifugation. Binding of NAP-22 to the cholesterol-containing liposomes was observed, and this binding was cholesterol-specific, since basically little or no binding of NAP-22 to other liposomes containing PE, SM, or phosphatidylserine was observed (Fig. 3A) . Since aggregated proteins also come to the pellet fraction by the sedimentation assay, density-dependent separation of the liposomes was attempted. Pelleted material was suspended and loaded on the top of a discontinuous Ficoll gradient to be centrifuged. A clear white band was observed on the interface between 0 and 2% Ficoll solution. NAP-22 was also concentrated in this region (Fig. 3B ). This result clearly shows the liposome association of NAP-22. Further studies revealed that the binding of NAP-22 to the liposomes is dependent on the cholesterol dose (Fig. 3C) . Increasing amounts of NAP-22 to the constant amount of the cholesterol-containing liposomes proved a dose-dependent binding of the protein, and a Scatchard analysis showed a binding ratio of approximately 760 cholesterol molecules/1 molecule of NAP-22 (Fig. 3D) .
Since NAP-22 binds calmodulin in a Ca 2ϩ -dependent manner, the effect of calmodulin on the binding was studied. The presence of calmodulin did inhibit the binding in a stoichiometric manner (Fig. 4A, lanes 2-6) . The addition of calmodulin after the formation of NAP-22-containing liposomes was also effective (lanes 7 and 8) . In these experiments, calmodulin in the micromolar concentration range effectively dissociated NAP-22 from the liposomes (Fig. 4B) . This result coincides well with the high affinity binding of NAP-22 to calmodulin reported previously (31) . Using brain raft fraction, this solubilization effect of calmodulin on NAP-22 was studied. Calmodulin did solubilize NAP-22, although the effective amount of calmodulin was much larger than in the case of the liposomes (Fig. 5) .
DISCUSSION
Membrane microdomains, called rafts and caveolae, are considered to play important roles not only in the signal transduction through the cell membrane but also in the transport of lipid components within the cell. In the case of caveolae, a 22-kDa phosphoprotein caveolin plays a vital role in the formation of the caveola structure (42) (43) (44) (45) . Caveolin is multiply palmitoylated and binds cholesterol (46) . In the case of brain raft, caveolin was not detected, at least as a major component (17) (18) (19) 23) . The assembly mechanism of the raft in neurons was, hence, unclear. In this study, we showed the co-solubilization of NAP-22 and cholesterol from brain raft fraction by MCD treatment, along with the binding of NAP-22 to the cholesterol-containing liposomes. Considering that NAP-22 is one of the main components in the brain raft, as described in the previous study, and no other major protein component was eluted out after the elimination of membrane cholesterol using MCD, NAP-22 is expected to play an important role in the formation of raft. The fact that a clear dose-dependent elution of NAP-22 through the elimination of cholesterol is observed in a relatively low concentration range of MCD suggests that some part of NAP-22 localizes in raft mainly through the interaction with cholesterol. Longer incubation or higher concentration of MCD causes further elimination of cholesterol, but the elution of NAP-22 does not correlate well with the elution of cholesterol (Fig. 2) . This less extractable pool of NAP-22 may reside in raft, at least in part, through the interaction with other proteins.
Interestingly, the association of NAP-22 with cholesterol containing liposomes was inhibited with calmodulin. This result implies that the raft structure is, at least in part, under Ca 2ϩ regulation. The presence of GAP-43 in raft is especially noteworthy concerning this point, because this protein binds calmodulin in the absence of Ca 2ϩ ions, and increasing the concentration of Ca 2ϩ ions weakens the binding (47) (48) (49) . Considering that the binding of calmodulin to NAP-22 is much stronger than its binding to , the transfer of calmodulin from GAP-43 to NAP-22 could occur concomitantly with the increasing Ca 2ϩ concentration, which could cause the dissociation of NAP-22 from raft.
According to our results, the extraction of about 460 cholesterol molecules in the brain raft resulted in the dissociation of one molecule of NAP-22. In the synaptosome membrane, over 85% of cholesterol exists in the inner leaflet of the membrane (50) . Assuming that this partition ratio of cholesterol is true to the raft membrane and the cholesterol is evenly extracted from both leaflets of membrane by MCD, our results indicate that one molecule of NAP-22 covers 390 molecules of cholesterol in the inner leaflet of raft. In the case of liposome binding experiments, the maximum binding ratio of NAP-22 to cholesterol was 1:760. Since even distribution of cholesterol in both leaflets is anticipated in case of the artificial liposomes, one molecule of NAP-22 was calculated to cover 380 cholesterol molecules in the liposomes. The values obtained using isolated raft and using artificial liposomes are, thus, correlated fairly well. Since NAP-22 is a very hydrophilic protein having little or no hydrophobic region in the molecule except the N-terminal myristic acid, it is thought that the association of this protein to the cholesterol-containing liposomes takes place through the interaction with the hydroxyl group of cholesterol. Further studies using the artificial protein expression system will help assign the cholesterol interaction region within the protein.
The analysis of the lipid components in brain raft showed the enrichment of PC and cholesterol. The presence of lipid components in a low density fraction of the brain was also reported by Moss and White (51) . In their experiment, embryonic chick brain was extracted with 3% Nonidet P-40, and membranes concentrated on the interface of 10 and 30% sucrose solution was collected for analysis. A high PC content was also reported by them. An enrichment of PC is, hence, observed in these brain derived rafts, although the significance of this is not yet cleared. In contrast to the fairly equal amount of PC, the cholesterol content of our fraction was much higher than their results. The difference has not been cleared at present, because the detergents used, the origin and the age of brains, and the extraction procedures are different. Our study revealed that the main lipid components of 2-week-old rat brain raft were PC and cholesterol. The molar ratio of SM in brain raft was rather low compared with other cell or tissue-derived raft (13, 51) . This result was noteworthy because brain tissue contains myelin, a rich source of SM. Since the bands of myelin basic proteins, marker proteins of the myelin membrane, were detected in the SDS-PAGE pattern of the raft fraction, some fraction of myelin membrane was determined to have recovered in the brain raft fraction obtained from 2-week-old rat brain (data not shown).
As in the case of other cell-derived raft, neuronal raft also contains many signal transduction molecules such as receptor type and nonreceptor type tyrosine kinases, trimeric G proteins, and GPI-anchored cell adhesion molecules (17) (18) (19) . Furthermore, localization in raft is reported for the amyloid precursor protein, ␤-amyloid protein, several gangliosides, and prion protein (24 -28, 52-54) . Dissociation of NAP-22 from neuronal raft by calmodulin implies the presence of the exchange mechanism of raft components by the Ca 2ϩ signal. Specific localization of NAP-22 in the synaptic region assists this hypothesis. Since cellular cholesterol levels will influence signal transduction pathways, the regulation of raft construction will be important (55) (56) (57) . Another possible role of NAP-22 is its participation in the sorting of cholesterol-containing vesicles within the cell. Brain cholesterol is efficiently protected from exchange with circulating lipoproteins by the blood-brain barrier. Recent studies have favored the view that the majority of brain cholesterol is synthesized locally (10, 11) . In neuron, cholesterol is synthesized in the cell body, neither in the axon nor in the presynaptic region; therefore, some mechanism is needed to deliver cholesterol through the axon. Raft may participate in the sorting of cholesterol in neuron as suggested in the case of epithelial cells (58 -60) . In this context, the targeted sorting mechanism in the neuron is interesting. Several studies showed the axonal sorting of some GPI-anchored proteins in cortical neurons, although dendritic sorting of some GPI-anchored proteins is reported in the granule cell of the cerebellum (61) (62) (63) . According to the recent studies by Jereb and Banker (64) using viral vectors in cultured hippocampal neurons, the sorting information present in apical proteins is not sufficient to target these proteins to axons, although the dendritic sorting depends on the protein sequence. Considering the importance of raft to the sorting of proteins and lipids, further studies on raft will be helpful in understanding the molecular background of cell polarity (65) .
